with the natural flow of groundwater. To comply with the requirements of the current SCDHEC Part B Permit, a series of wells is being installed to contain and treat the plume. A i r l i f t Recirculation Wells (ARW) are a new and innovative technology with potential for more cost effective implementation than conventional pump and treat systems. Two Airlift Recirculation Wells have been installed and tested to quantify performance parameters needed to locate a line of these wells along the leading edge of the contaminant plume. The wells proved to be very sensitive to proper development, but after this requirement was met, performance was very good. The Zone of Capture'has been estimated to be within a radius of 130 -160 ft. around the wells. Thus a line of wells spaced at 250 f t intervals could intercept the contaminant plume: At SSR-012, TCE was stripped from the groundwater at approximately 1.2 lb./day. The longer term effect of the recirculation wells upon the plume and the degree of recirculation within the aquifer itself will require additional data over a longer time period for an accurate review. Data collection is ongoing. The Part B Permit for the M-Area Hazardous Waste Management Facility requires the contaminant plume to be hydraulically controlled at the 500 ppb isoconcentration location. The groundwater plume continues to develop and flow with the general groundwater movement in a south to southeasterly direction. The plume has moved downward into a confined aquifer (the Lost .
Lake aquifer) and is continuing generally southward into the southern part of the A/M-Area (the Southern Sector). This area is undeveloped and heavily forested. Airlift Recirculation Well (ARW) technology was chosen for use in this area because of its technical potential and because it &ais the groundwater without bringing it to the surface. This eliminates the need to create and permit an outfall for the treated water discharge.
A regional groundwater flow model of the A/M-Areas (FACT) was used to estimate the location of the leading edge of the 500 ppb isoconcentration contour of the TCE pluhe. The 500 ppb isoconcentration contour has a concave shape with fingers protruding down gradient at each side. The two leading fingers are approximately one half mile apart The objective of this study was to install and ' test recirculation wells in each of the two "fingertips" and to determine the following information: Two recirculation we& were installed in the Lost Lake aquifer in 1996. A piezometer cluster was located upgradient and downgradient of each recirculation well for observing groundwater levels and for taking ground,water samples. Each cluster consisted of one 2" PVC casing screened in the top of the Lost Lake aquifer (the "C" well) and one 2" PVC casing screened in the bottom of the Lost Lake aquifer (the "B" well). The piezometers were spaced on 1 0 ' lateral centers. The piezometer clusters at well SSR-001 were spaced equallyt 20' upgradient and 20' downgradient (reference
Figures 1).
The upgradient piezometer cluster at well sSR-012 was located 30' from the recirculation well and the downgradient piezometer cluster was located 20' from the recirculation well (reference Figure 2) . This was simply to provide an additional point of reference for the data.
. . The recirculation well itself consists of an 8" schedule 80 PVC well casing with two separate ten foot screen zones; one at the top of the aquifer and one at the bottom of the aquifer (reference Figure 3) . The screens are PVC with 0.020 in. machined slots. The casing was grouted in place with gravel pack at each screen and a bentonife seal between the screens. An airlift pump was constructed from 4!' schedule 40 PVC well casing and a 1" schedule 80 PVC air line. The 4" casing was installed inside the 8" casing with an inflatable packer to isolate the annulus between the two 8" screen zones. The bottom of the 4" casing (pump inlet) was placed just above the 8" screen at the bottom of the aquifer. A five foot long screen was placed in the 4" casing such that the bottom of the screen was eight feet above the potentiometric head in the top of the aquifer. This is the airlift pump outlet and the discharge height was based upon results of pumpkg tests conducted with an airlift recirculation well at the TNX area of SRS. The 1 ' : airline was inStalled in the 4" well casing with a discharge diffuser located seven feet above the bottom of the'4" casing.
' ,
A duplex, oil-free air compressor package was installed at each recirculation well to provide compressed air. The compressor package was rated at 110 cfm at 125 psi. A vacuum system was also installed. The vacuum system is a commercial soil vapor extraction system and was installed for development work. B e c a v of the remok location of the recirculation wells, there are no utilities available. To expedi? testing of the wells, portable generators were installed at each well site. The generators used were surplus SRS construction generators. Although convenient and inexpensive, they proved to be unreliable. After several outages, they were replaced with rental units from a local supplier. These units ran continuously and were relatively troublefree. With one well currently in full time service, .the rental generators have been replaced with a new SRS generator which has also operated reliably.
'
Aquifer response to the operation of the recirculation wells was observed by measuring the water level at each of the piezometer clusters and at various existing monitoring w e b (e.g. MSB-074). A Gmdfos sample pump was installed in each piezometer to allow water samples to be taken for analysis. Purge water taken during pumping was passed through a portable analyzer to measure dissolved oxygen, temperature, conductivity, pH and oxidation potential. Water samples were analyzed using a gas chromatograph. for TCE and PCX concentrations.
Gas samples were taken from the air supply line and from'the exhaust stack at each recirculation well and analyzed for TCE and PCE concenfrations. 
Operating Resulfs
The two recirculation wells were started up in December, 1996. Initial results showed a modest decrease in the potentiometric head at the bottom of the aquifer and a small mound at the top of the aquifer. Unfortunately, the generators being used for power proved unsuitable for long term reliable operation. Repeated outages for one failure or another made it difficult to evaluate the data being collected. Each time the generator failed, the recirculation well would be out of service for between a few hours to a few days. Towards the end of January, 1997, the= generators were replaced with rental units which proved to be much more reliable.
The data obtained in February and March of 1997, although representative of a more consistent operating r'egimen, did not show the same type of hydrologic response in the aquifer that the first several weeks of operation demonstrated. Significant drawdown in the bottom of the Lost Lake aquifer was not evident; nor was a significant mound present in the top of the aquifer. To investigate this lack of response a falling head test was attempted in the outer annulus of S R -001 for comparison with a similar test performed prior to placing the well in service. The water discharged from the 4" airlift pump flowed down this annulus and out into the aquifer. During the f&g head test, potable wafer from a tank truck is allowed to flow into.the outer annulus at a consht rate. A relationsMp can be developed between the water level and the flow of water. This relationship is discussed in detail in the well pumping analysis section. In this particular case, the water rapidly filled the well, indicating that the upper screen was plugged. Further review of the hydrologic data indicated that the upper screen probably plugged after only a few weeks of operation. A similar test at SSR-012 confinned that well was also plugged. . At this point a decision was made to focus on one well; SR-012 This well was chosen because it is located in a more contaminated portion of the groundwater plume and because of its proximity to the MSB-074 monitoring well cluster which offers additional water quality sampling points.
The 4" airlift pump was removed from the well and the upper and lower screen zones were aggressively redeveloped. Both zones were swabbed and pumped until clean water was produced with'turbidity values of less than 5 NTU (Nephelometric Turbidity Units). This is comparable.to drinking water clarity.
I
'When the well was returned to service, it's performance was significantly . improved. A stable 15-18' drawdown was obtained at the bottom of the recirculation well. A 5-7' mound was established at the top of the well. A similar pattern was observed at the nearby piezometers and at MSB-074. The drawdown . With the additional pumping efficiency of the well, the exhaust air emissions increased from 1-2 ppm of TCE to 50-60 ppm at the exhaust stack. At current rates TCE is being stripped from the groundwater at about 1.2 lb./day. This is illustrated in Figure 5 in *e Appendix.
Groundwater Quality
Prior to pIacing the wells in service, a baseline of water quality in the piezometer clusters was established. The TCE concentration around well SSR-001 was about as expected; approximately 400 ppb in the bottom of the aquifer and approximately 17 ppb at the top of the aquifer. However.at well SR-012, TCE was found in excess of 10,000 ppb i n the bottom of the aquifer and approximately 4,000 ppb at the top of the aquifer. Monitoring well clustkr MSBFebruary, 1996 indicated T6E concentrations of 588 ppb at MSB474B and 7 ppb at MSB-074C. Historical data indicates a decreasing TCE concentration at both wells. A possible explanation for this variance might be preferential pathways in the Lost Lake aquifer from the M-Area or from the A414 outffl. aquifer is approximately 2.5 -3 higher on the downgradient side of the recirculation well. The most probable explanation of this is that the contaminant plume exists in a s t r a a e d configuration as opposed to being a uniform plume fully diffused across the depth of the aquifer. The more concentrated core of this plume is flowing somewhere along the middle of the aqp.i.fr and dips downward in the area of the recirculation well. When the recirculation welI is in operation it creates a relatively strong downward gradient in the aquifer. It seems reasonable to expect the plume to adjust to these changing gradients as it encounters them.
. 'Another trend evident in the data is a small increase in the concentration of TCE at the top of the aquifer. This seems particularly evident immediately after the well is restarted or after the air flow has been increased. In the immediate vicinity of the recirculation well, the water at the top of the aquifer starts out at ambient conditions, but as water is pumped from the bottom of the aquifer and ' discharged into the top of the aquifer, the top of the aquifer becomes a mixture.
Over time the mixture should approach the same conditions as the water being WSRC-TR-9740246, Rev. 0 Airlift Recirculation Well Test Results -Southern Sector discharged from the recirculation well. Generally, the contaminant concentration in the plume is greater at the bottom of the aquifer and as this water is pumped to the top of the aquifer it may increase the average TCE concentration. As recirculating flow is established in the aquifer and contaminant mass is removed, this trend may reverse indicating that groundwater is being recycled through the recirculation well more than once.
Analysis of D.O. Data
The dissolved oxygen levels of groundwater samples are included in the Appendix as Figures 11-15 . The time period over which this data has been gathered is not sufficient to draw firm conclusions. However, we can generally say that the D.O. level at all wells, with the possible exception of SSM-O02C, has increased over time. Now that it has been established that both wells were plugged and operating at a small fraction of their potential flow for much of the time, it is difficult to be sure that this trend is related to the recirculation well. It does appear that after SSR-001 was shut down, the D.O. level in the top of the aquifer began to decline. This also occurred at SSM-003 and 004 when SSR-012 was shutdown for redevelopment. After SSR-012 was restarted, D.O. began to rise again. If this is due to operation of the recirculation well, the D.O. level at the top of the aquifer may begin to approach that of the bottom of the aquifer over time.
Well Pumping Analysis
Before the recirculation wells were placed in service, tests were completed to establish a correlation between the water level in the annulus of the well, above the upper screen in the outer casing with flow of water into the aquifer. Groundwater flow in the recirculation wells is into the bottom sereen of the outer casing at the bottom of the aquifer, up the inside of the 4" airlift pump casing (with the flow of air), out the upper 4" screen into the top of the outer casing (above the packer), down the annulus between the 8" outer casing and the 4" airlift pump casing and finally out through the upper 8" screen into the top of the aquifer. To establish a means of measuring water flow out of the upper screen, a relatively constant flow of potable water was introduced into the outer annulus and the resulting water level was monitored. At an initial flow of 5 gpm, the water level in the outer annulus stabilized at about 1.6 f e e t Although the tanker ran out of water before this test could be completed at a flow rate of 17 gpm, the data indicates that (at 17 gpm) the water level would have reached about 6 feet above the static water level in the aquifer (reference Figure 16 in the Appendix).
After redeveloping SSR-012, the test procedure was modified to use a pressure transducer for water level measurement in the well annulus. In lieu of introducing water into the well, the well was operated at a high air flow rate (>65 cfm at the inlet). When the water level a p p e W stable, the air was shutoff and water level was recorded as it dropped (reference Figure 17 in the Appendix). This method provided a large amount of discrete data poinb. These data points were used to calculate the rate of change in water level at many discrete levels as the water level dropped. By relating the rate of change in water level to a corresponding incremental change in annular volume, the flow rate could be calculated.
By establishing a similar correlation between air flow into the well and the steady state water level in the annulus, a nomograph was created for use in determining water'pumping rate with air flow rate. This nomograph has been included in the Appendix as Figure 18 . The results indicate an order of magnitude inckase in the recirculation well water flow after redevelopment than at SSR-001 due to th.e higher than expected TCE concentration in the groundwater. Although the emission rate is about ten times higher than expected, it is still much lower than permis'sible exposure limits and within the permit assumptions.
The optimal operating point for the air compressors and the recinnilation well was approximately 35 cfm (exhaust flow). This stripped about 1.2 lb./day of TCE from the groundwater.
/

A q u i p Analysis
Subsequent to the redevelopment of SSR-012, water level measurements were made at MSB474C while water was being pumped from the lower screen of the recirculation well. This data was used to calculate the horizontal conductivity and other aquifer parameters. Additional hydraulic response data gathered over the past several months was analyzed with AQTESOLVE software (a groundwater analysis tool) to obtain an estimate-of the vertical conductivity. The ratio of horizontal to vertical hydraulic conductivity is referred to the anisotropic . ratio. A high anisotropic ratio means that groundwa6r will flow much more easily in a horizontal path than in a vertical path. With a recirculation well, a high anisotropic ratio means that the zone of capture should be larger but less water will actually return to the bottom of the aquifer to be recirculated through the well. At SSR-012, the calculated anisotropic ratio is about 18. Normal practice has been to use a value of about 10 for aquifers similar. to the Lost Lake aquifer, so this was a little higher than expected..
In an attempt to quantdy the zone of capture, a simple groundwater flow model was created on a spreadsheet using vector addition of components of the groundwater flow. The components depicted below we& calculated individually using groundwater level measurements. Figure 
I
At each of these data points, dh w,as calculated as the difference in hydraulic head between the data point and the next data point towards the recirculation well. The radial distance to the data point, dl, was also calculated and was used to calculate the potentiometric head (dh/dl). Darcy velocity was next calculated using Equation 1. This yielded an average velocity which was assumed to act at the midpoint between the two points being evaluated. The Darcy velocity at each point was assumed to be the average of the preceding and following velocities.
A separate spreadsheet was used to calculate incremental flow paths for a hypothetical particle of water beginning at MSB474B. The x and y components of the Darcy velocity due to the recirculation well were combined with the velocity component due to the natural groundwater flow and a travel distance was calculated in the resultant direction for an incremental period of time. Ten days was used for convenience. This step .was repeated with adjustments each time to velocity vectors due to changes in position relative to the recirculation well. As the particle of water moved closer to the recirculation well it's velocity increased.
Calculations 'were repeated for several groundwater velocities using MSB-074B as the starting point The results are shown in Figure 21 in the Appendix.
Note that at a hypothetical groundwater velocity of 2.0 ft/day (well above the natural flow velocity at the site) the groundwater passing through MSB-074B will not be captured by the recirculation well according to this model. This model is very simple by'numerical modeling standards and ignores anisotropy. Nevertheless, it is a usefd approach to help in the visualization of groundwater flow patterns in the vicinity of the recirculation well.
Much of the fundamental research performed with recirculation wells can be traced to the work of Herrling in developing the UVB well concept As an . additional step in analyzing the zone of capture, one of Herrlings charbwas extrapolated to include higher anisotropic ratios. This chart is replicated in Figure 22 in the Appendix. The chart provides curves of the ratio of maximm well spacing to aquifer thickness (D/H) as a function of dimensionless WSRC-TR-97-00246, Rev. 0 Airlift Redrculation Well Test Results -Southern Sector 14 parameter based upon water pumping rate, aquifer thickness &d natural groundwater velocity (Q/(H2v)). Herrhg's chart originally included anisotropic ratios of 1,5 and 10. For oitr purposes an additional curve was added for an anisotropic ratio of 20. The curves for anisotropic ratios of 1,5 and 10 are spaced approximately on a logarithmic ratio. At a point near the middle of the curves a vertical line was drawn and a new point was estimated for an anisofropic ratio of 20. A line with .the same general shape of the others was fitted to this point A value for Q/(H2v) was then calculated and the corresponding D/H ratio was obtained. From this value the maximum well spacing is 259 feet
Conclusions
Although certainly not precise, these methods support a recirculation well spacing of approximately 250 ft. The calculated Zone of Capture is estimated at about a 160 ft. radius, although seasonal changes in groundwater flows could decrease this. The treated water discharged to the top of the aquifer, although not specifically modeled also appears to have a much more narrow range of influence. Vziiiations in aquifer parameters at future well locations could certainly increase or decrease this number as well. 
